experiments are available, representing control (1961-90) and scenario (2071-2100) conditions. The former is driven by observed sea surface temperature and sea-ice distributions, while the latter uses the changes from the HadCM3
interests.
Correspondence and requests for materials should be addressed to C.S. (schaer@env.ethz.ch). Marine sediments act as the ultimate sink for organic carbon, sequestering otherwise rapidly cycling carbon for geologic timescales 1,2 . Sedimentary organic carbon burial appears to be controlled by oxygen exposure time in situ 3, 4 , and much research has focused on understanding the mechanisms of preservation of organic carbon 5 . In this context, combustion-derived black carbon has received attention as a form of refractory organic carbon that may be preferentially preserved in soils 6, 7 and sediments 8, 9 . However, little is understood about the environmental roles, transport and distribution of black carbon. Here we apply isotopic analyses to graphitic black carbon samples isolated from pre-industrial marine and terrestrial sediments. We find that this material is terrestrially derived and almost entirely depleted of radiocarbon, suggesting that it is graphite weathered from rocks, rather than a combustion product. The widespread presence of fossil graphitic black carbon in sediments has therefore probably led to significant overestimates of burial of combustion-derived black carbon in marine sediments. It could be responsible for biasing radiocarbon dating of sedimentary organic carbon, and also reveals a closed loop in the carbon cycle. Depending on its susceptibility to oxidation, this recycled carbon may be locked away from the biologically mediated carbon cycle for many geologic cycles.
Black carbon (BC) is the heterogeneous, aromatic and carbonrich residue of biomass burning and fossil-fuel combustion 10, 11 . It is formed on land, and may be eroded from soils and carried by rivers or via aerosol transport to the ocean. BC in open-ocean sediments is from 2,400 to 13,900 yr older than the co-deposited bulk organic carbon (OC) 12 . It is possible that BC is small and light enough to be stored in the oceanic dissolved organic carbon pool before being deposited in marine sediments, accounting for the older age of the BC. Alternatively, BC may age on land before transport to the ocean, either in the soil carbon pool or as fossil BC from ancient forest fires stored in rocks. Existing data cannot distinguish between these storage and transport mechanisms.
We examined marine sediments collected along a well-characterized transect perpendicular to the Washington coast 4 , ranging from terrestrially influenced nearshore sites to marine-dominated offshore sediments. We determined sedimentary mixed layer depth using 210 Pb and sampled horizons (9-23 cm) deep enough beneath this layer to be pre-industrial according to 14 C sedimentation rates. The low levels of nuclides from nuclear fallout 13 and background levels of combustion-derived polycyclic aromatic hydrocarbons 14 present at our sampling depths in similar Washington slope samples further suggest that deeply mixed anthropogenic graphitic black carbon (GBC) is minimal in our samples. We extracted GBC, an extremely refractory form of BC, from sediments by stepwise demineralization, hydrolysis of reactive organic matter and thermal oxidation 8 . This method isolates only very highly condensed soot-BC and graphite but destroys charcoal-BC and kerogen (nongraphitized rock carbon).
GBC concentrations increase roughly linearly with increasing distance offshore, when plotted both as weight per cent of the sediment (Fig. 1a) and as per cent of total organic carbon (TOC, Fig. 1a inset) , reaching 6.5% of TOC. However, the flux of GBC to sediments decreases with increasing distance offshore (Fig. 1b) , suggesting that the GBC is terrestrially derived and that the concentration trends arise because GBC is preferentially transported offshore relative to sedimentary minerals and TOC.
We analysed the bulk OC and GBC fractions of a subset of the Washington coast sediments for 13 C and 14 C signatures. Radiocarbon was measured via accelerator mass spectrometry 15 and is reported as an age-corrected D value 16 , corresponding to the 14 C signature at the time of deposition. Pre-industrial modern carbon has a D value of 0‰ and fossil material has a value of about 21,000‰. For bulk OC, d
13 C signatures range from 224.3‰ nearshore to 221.1‰ offshore, and D values range from 29‰ nearshore to 2240‰ offshore, corresponding to 14 C ages of between 30 and 2,220 yr (Table 1) . These isotopic data suggest that nearshore sediments are dominated by modern carbon, with a significant amount of terrestrial C 3 plant material (d 13 C < 2 27‰), whereas offshore the sediments are older and contain mostly marine material (d 13 C<221‰). For GBC, the D values range between 2895‰ and 2989‰, approaching the fossil carbon limit, whereas the d 13 C values of 219.4‰ to 221.3‰ fall within the range for marine plankton (Table 1) . These values are uniform with distance offshore, and correspond to 14 C ages of between 18,600 and 37,450 yr ( Table 1) . The existence of a biospheric reservoir in which an entire pool of carbon could age for more than 35,000 yr, undiluted by younger carbon, is extremely unlikely, indicating that the GBC fraction consists predominantly of fossil carbon. The Washington coast GBC samples have D and d
13
C values that cluster together (Fig. 2) , implying uniformity of the source material. Whereas GBC has a similar 13 C signature to marine plankton, its radiocarbon signature dramatically separates it from both contemporary marine and terrestrial sources, making these unlikely endmembers for this material.
We also isolated GBC from three terrestrial sediments: two preindustrial horizons from Lake Washington 17 and surface sediments from the Stillaguamish River, in the northwestern Washington State, USA, and from an open ocean site in the Equatorial Pacific at 98 N (EqPac) 18 . The GBC fractions from the terrestrial sites were slightly depleted of 13 C compared with the Washington coast samples but had virtually identical 14 C signatures (Fig. 2) . The similarity of GBC isotopic signatures from both terrestrial and marine sediments suggests a common, terrestrial GBC source. GBC from the EqPac plots near but outside the GBC cluster, with a slightly more enriched d 13 C signature and more positive D value (Fig. 2) . The similarity of isotopic signatures suggests that the EqPac GBC contains a fraction of the same radiocarbon-dead material. However, this GBC sample must also contain a substantial component of a younger, 13 C-enriched material to account for the differences in isotopic signature compared with the Washington coast sediments. One possible source of such material is soot from combustion of C 4 grasses 19 . The 14 C-depletion previously observed in Southern Ocean BC 12 suggests that radiocarbon-dead GBC is present in this site as well and, in combination with our results, implies that radiocarbon-dead GBC is important in sediments world-wide.
The measured isotopic signatures of the GBC fraction of sediments appear robust and widespread, indicating that the GBC is a terrestrially derived material that is fossil in age and has a marinelike 13 C signature. Because all sediments (except the river sediment) were sampled from pre-industrial horizons, fossil-fuel-derived soot was not a major GBC source. A possible GBC source that satisfies all of the evidence is petrogenic graphite. This material would be weathered from rocks on land, would have a fossil D value, and could have a marine d 13 C signature, depending on its ultimate sources and the conditions during lithification. Graphite dispersed in metamorphic rocks tends to have a biogenic 13 C signature (between 218‰ and 230 ‰) but may be as 13 C-enriched as 0‰ (refs 20, 21) . The observed range of GBC 13 C signatures could reflect weathering of different sources of graphite on land. Kerogen is an unlikely GBC source because even highly aromatic type II kerogens 22 yielded less than 0.6% of their carbon as GBC (Supplementary Table S1 ).
Previous reports of BC concentrations and fluxes in ocean sediments 23, 24 may have included petrogenic graphite in addition to combustion-derived BC, leading to significant overestimates of BC derived from biomass burning. Such overestimates could compromise measurements and interpretations of budgets for BC burial in marine sediments. For example, our estimated GBC flux for the EqPac site is 30-80% of the BC fluxes reported 24 for comparable distances from the continents (,3,000 km). On the basis of these numbers and estimating that the EqPac GBC is 70% fossil, it appears that a significant fraction (,20-60%) of these published open-ocean BC fluxes might consist of petrogenic GBC. Overestimation of BC burial implies an underestimation of BC degradation rates in the environment, and further complicates our understanding of BC dynamics and its role in the carbon cycle.
Our results imply that a significant fraction of sedimentary carbon is radiocarbon-dead GBC. This 14 C-free component will significantly affect 14 C measurements of bulk OC, making measured 14 C ages for OC appear substantially older than their 'true' age. Using a simple isotopic mixing equation, we estimate that the presence of fossil GBC in our Washington coast sediments makes the TOC appear to be 75-530 yr older than the GBC-free OC would be. This bias in the 14 C-derived TOC ages leads to overestimates of OC storage in intermediate reservoirs such as soils before deposition in marine sediments, and makes it more difficult to understand the timescales of OC transport between carbon reservoirs.
Finally, it appears that a fraction of petrogenic GBC is being weathered from rocks, carried to the ocean and redeposited in sediments. Several other studies have found indirect evidence of such reburial of fossil carbon or suggested that it might occur [25] [26] [27] , but to the best of our knowledge this is the first study to have isolated an almost entirely radiocarbon-dead fraction from preindustrial modern sediments. Petsch et al 28 . found that the OC in carbon-rich black shales was mostly but not entirely degraded in the environment, and suggested that a combination of slow degradation kinetics and fast erosion rates may be responsible for preservation of some fossil carbon. Similar mechanisms probably account for the presence of petrogenic GBC in sediments. This reburial of relatively unaltered fossil carbon amounts to a closed loop in the Earth's carbon cycle.
Using an open-ocean GBC flux of 0.05 mg C cm 22 kyr 21 (estimated from the EqPac site) and a flux of 1.5 mg C cm 22 kyr 21 on the continental margins (from the offshore Washington coast sites), we estimate that a total of 7 £ 10 11 g of fossil GBC is deposited yearly in the world ocean. This flux accounts for approximately 0.5% of the total burial of OC in marine sediments 2 . If GBC is relatively unsusceptible to degradation, as seems likely, only a small fraction of GBC would be degraded during each geologic cycle. Assuming steady state, this implies that only a small amount of fossil GBC would be newly formed through metamorphism (that is, enough to balance GBC degradation). Slow rates of formation and destruction of GBC imply that a relatively large amount of GBC would be continually cycling in this GBC loop, which appears to act as a longterm OC holding pool away from the main streams of the carbon cycle.
A C value corresponding to the 14 C signature at the time of deposition 16 . Standard deviations in GBC concentrations were conservatively estimated to be^15%. Standard deviation for all d 13 C measurements is^0.1‰. GBC fluxes were calculated according to the formula: flux ¼ (wt% GBC) £ sedimentation rate £ bulk density. Standard deviations for D and 14 C age reflect uncertainty associated with statistics of the accelerator mass spectrometry (AMS) measurement and age-correction calculations. 14 C age was calculated using the real mean life for 14 C (8,267 yr). Sedim. rate, sedimentation rate; wt%, weight per cent; WA, Washington; EqPac, Equatorial Pacific; LW, Lake Washington; Still. River, Stillaguamish River; n.d., not determined; n.a., not applicable. * Sedimentation rates in bold were calculated from downcore profiles of 14 C reported in ref. 4 , except for WA coast no. 4 which was measured for this study. Other WA coast sedimentation rates were calculated by assuming a linear decrease in sedimentation rate with distance offshore and extrapolating from the measured rates. The sedimentation rate for the EqPac site is an estimate based on our TOC radiocarbon age. This value is an order of magnitude larger than that estimated in ref. 29 , probably owing to deeply mixed radiocarbon 30 . The rate for the LW site is from ref. 17. Melting of iron at the physical conditions of the Earth's core Seismological data can yield physical properties of the Earth's core, such as its size and seismic anisotropy [1] [2] [3] . A well-constrained iron phase diagram, however, is essential to determine the temperatures at core boundaries and the crystal structure of the solid inner core. To date, the iron phase diagram at high pressure has been investigated experimentally through both laser-heated diamond-anvil cell and shock-compression techniques, as well as through theoretical calculations [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Despite these contributions, a consensus on the melt line or the highpressure, high-temperature phase of iron is lacking. Here we report new and re-analysed sound velocity measurements of shock-compressed iron at Earth-core conditions 15 . We show that melting starts at 225 6 3 GPa (5,100 6 500 K) and is complete at 260 6 3 GPa (6,100 6 500 K), both on the Hugoniot curve-the locus of shock-compressed states. This new melting pressure is lower than previously reported 16 , and we find no evidence for a previously reported solid-solid phase transition on the Hugoniot curve near 200 GPa (ref. 16) .
The radii of the solid inner core and the molten outer core are roughly 1,220 km (pressure P ¼ 329 GPa) 1 and 3,490 km (P ¼ 136 GPa), respectively. About 20 years ago, Brown and McQueen reported iron melting at 243 GPa (ref. 16 ). This has since been the high pressure 'anchor' of the iron melt line (Fig. 1) . Their proposed solid-solid transition has also driven the search for a solid-solid phase boundary near 200 GPa (refs 4-8) . At different times, the g-e (ref. 4 ) and b-e (ref. 5) phase boundaries were proposed to explain this solid-solid transition (Fig. 1) . However, recent data placed the liquid-g-e triple point between 50 and 60 GPa (refs 6-8) . The b-e phase boundary has been shown to be nearly horizontal, that is, no intersection with the melt curve at 200 GPa (refs 7, 8) (Fig. 1) . The existence of the b-phase is also questionable 6, 9 . Thus there is at present no other experimental evidence consistent with the putative solid-solid phase transition reported by Brown and McQueen 16 . To corroborate their sound velocity data 16 , we focused our experiments between 200 and 260 GPa, employing similar but improved sound velocity measurement techniques 15 . Longitudinal sound velocity (C L ), commonly used to determine melting of metals at high pressures [15] [16] [17] [18] [19] [20] [21] , decreases sharply on melting. In a solid, C L depends on bulk and shear moduli and density, whereas it is only a function of the bulk modulus and density in a liquid. Upon melting, the shear modulus of the solid-liquid mixture tends to zero causing sound velocity to decrease. In metals such as Ta, Al and Mo, C L decreases by 5-15% when the Hugoniot crosses the melt curve [18] [19] [20] [21] . We carried out these experiments using a two-stage gas gun capable of generating pressures as high as 400 GPa in the iron sample. This pressure exceeds that at the centre of the Earth, 361 GPa, making single shock experiments suitable for exploring 11 . Upper (lower) dash-dotted curve, calculation with (without) free energy correction by Alfe`et al. 10 . Data points are taken from shock-compression experiments. Triangle data point is from pyrometric temperature measurement by Yoo et al. 9 . Circle (Brown and McQueen 16 ), reverse triangle (Ahrens et al. 17 ) and diamond (this study) data points are from sound velocity experiments. Temperatures of these sound velocity data points are calculated using thermodynamic relations (equation (4)).
